Background. This study was undertaken to investigate the qualitative and quantitative changes that interstitial dendritic cells (IDC) of the heart undergo during the time course of experimental myocardial infarction.
T he dendritic cell family comprises several distinct types of cells, including the interstitial dendritic cells (IDC); the interdigitating follicular cells of afferent lymphoid tissues such as the spleen, lymph nodes, and Peyer's patches; and the Langerhans cells of the epidermis.1'2 Dendritic cells have an important function in the initiation of immune responses because of their role in antigen presentation and in the activation of immune effector cells.3 IDC are widely distributed in the interstitial connective tissue of most nonlymphoid organs. In the heart, dendritic cells were first described by Hart and Fabre.3 They are characterized by their slender, elongated cytoplasmic processes that extend in several directions from a thin, centrally located cell body in which a single nucleus is present. Dendritic cells express class II major histocompatibility complex (MHC) antigens (Ia antigens) on their sur-faces, and this expression provides a basis for the immunohistochemical identification of these cells. 4 Dendritic cells originate in bone marrow5 and are nonphagocytic in nature. They can be isolated from circulating blood and are relatively short lived in the spleen, lymph nodes, and peripheral lymph. They are replaced by blood-borne precursors6 and are incapable of further cell division. 7 In rat heart, their turnover time has been estimated to be about [2] [3] [4] g were used in this study. The animals underwent ligation of the left coronary artery 1 mm distal to its origin (n=43) or sham operation (n=39), as previously described.14,15 For the sham operations, a thoracotomy was made, and the heart was exteriorized. Then, a suture was placed around the left coronary artery, as in animals undergoing coronary ligation, but this suture was not tied. The heart was placed back in the thorax, and the surgical procedure was concluded in the usual manner. Thirteen unoperated rats were used as controls. Rats 
Histology of Dendritic Cells in Normal Heart
In the normal hearts, IDC exhibited a distinct dendritic morphology, with a centrally located nucleus and long cytoplasmic processes. These cells appeared to be uniformly distributed throughout the heart, with a slight increase in frequency in perivascular areas. In longitudinal sections of myocardium, the IDC appeared elon- gated in shape, with their long axes generally parallel to those of the adjacent myocytes ( Figure 1 ). In transverse sections, they had irregular or triangular shapes with relatively large nuclei, little cytoplasm, and long processes ( Figure 2 ).
Ultrastructure of Dendritic Cells in Normal Heart
In dendritic cells, the electron dense reaction product resulting from staining using the immunoperoxidase method and OX 6 and W3/25 antibodies ( Figure 3 Microscopically, the infarcts were characterized by a central, hypereosinophilic zone of coagulation necrosis. The boundary between this zone and the surrounding normal myocardium consisted of a "border zone" in which necrotic and viable myocytes were present together with inflammatory infiltrates. The border zones varied in size and cellular composition according to the age of the infarct. They were present primarily along the lateral edges of these lesions and ranged in size from 100 to 500 ,um at 2 days after coronary ligation. At subsequent times, the border zones containing a high density of inflammatory cells became less sharply delin- 
Morphology of Dendritic Cells in Infarcted Rat Hearts
Light microscopy. The changes that IDC underwent during the time sequence of events after myocardial infarction varied according to whether such cells were present in the center of the myocardial infarction, in the border zone, or in the noninfarcted portion of the left ventricle. Furthermore, for quantitative purposes (see below), it was necessary to make comparisons with the hearts of simultaneously sham-operated rats. On day 2, there was a small decrease in the number of dendritic cells in the infarcted area. The number of dendritic cells in the border zone increased at 4 days and became maximal at 7 days, after which it decreased progressively. On days 2 through 21 after ligation, IDC in the center of the infarct were very thin, and their dendritic appearance was not nearly as marked (Figure 4 ). In the border zone of 4-day-old infarcts, IDC appeared elongated ( Figure 5 ). In the border zone of 7-day-old infarct, they had more irregular shapes and longer processes, more abundant cytoplasm, and larger nuclei than in normal tissue (Figure 6 ). On days 14 through 21 after ligation, IDC in the border zone became more elongated and thin (Figures 7 and 8 ). Dendritic cells in the border zone frequently were associated with lymphocytes. These lymphocytes were small or medium sized and round and had thin rims of cytoplasm. Most of these lymphocytes were identified as T-helper cells (W3/25 antibody positive); only a few cytotoxic/suppressor T-lymphocytes (OX 8 antibody positive) were found in these areas. On day 2, few T-helper cells were present in the border zone, and only an occasional IDC-lymphocyte aggregate was identified. On day 4, T-helper cells were slightly increased. The smallest IDC-lymphocyte aggregates consisted of three to five lymphocytes and one or two IDC. Aggregates of this type were most prominent in the border zone of 7-day-old infarcts, in which they became larger and more compact, consisting of 10-20 lymphocytes and several IDC (Figure 9 ). On day 14, groups of only two to three T-helper cells were associated with IDC. On day 21, the IDC were isolated and appeared scattered in the dense connective tissue of the scar. Few T-helper cells were found. In noninfarcted portions of the left ventricle, the morphological characteristics of OX 6 antibody-positive IDC were comparable to those observed in normal and sham-operated hearts.
As shown by staining with OX 18 antibody, class I MHC antigens were expressed on the surfaces of both IDC and endothelial cells of capillaries and large vessels. The membranes of myocytes did not stain for class I MHC antigens. By the 7th day after ligation, OX 18-positive cells occurred more frequently in the border zone than in the centers of the infarcts and the nonin- Electron microscopy. On day 7 after ligation, the IDC in the areas of infarction became clearly distinguishable from those in normal hearts because they showed marked alterations in their size and their dendritic appearance. In the border zones, the IDC became large and plump and had a profusion of long, slender, and branching cytoplasmic processes ( Figure 10 ). Their nuclei became more irregular and prominent, with more abundant heterochromatin and enlarged nuclei. The cytoplasm occupied a narrow zone around the nucleus and was filled with scattered mitochondria, lysosomes, a few multivesicular bodies, vacuoles, and short cisterns of rough-surfaced endoplasmic reticulum. Free ribosomes were relatively few in number and usually occurred as scattered polysomes. The average length and width of the IDC in the border zone were about 13 and 4 ,um, respectively. There was an average of 18 cytoplasmic processes per cell. Another remarkable change observed in the border zone was the presence of IDC within the lumina of capillaries, especially in 7-day-old infarcts. These IDC had an irregular shape, numerous cytoplasmic processes, and few organelles. These cells were identified as IDC by staining with OX 6 antibody ( Figure 11 ). In the central regions of the infarcts, the IDC became more elongated and more narrow in width. In the noninfarcted left ventricle of rats undergoing coronary artery ligation, the morphology of IDC was comparable to that of normal IDC (Figure 12 ).
On day 14, the morphology of the IDC in the border zone showed some unusual features. A few IDC retained their dendritic shapes, with three to eight branching cytoplasmic processes; however, others became bipolar and lacked branching processes. Organelles were reduced in number. At 21 days after ligation, the IDC in the border zone were extremely thin, long, and bipolar. The (Tables 1 and 2 ). In the left ventricle of normal rats, a total of 82+10 cells/mm2 of tissue section were detected after staining with OX 6 antibody; similar numbers of cells were found in ventricular septum and right ventricle. Tables 1 and 2 show the changes in cell counts after coronary ligation. These changes are presented according to the location of the area in the center of the infarct, the border zone, or the noninfarcted portion of the left ventricle. In the center of the infarct, the numbers of IDC per mm2 decreased at 2 (52±7) and 4 (44±15) days after coronary ligation but increased at 7 days (120±18), returned to normal at 14 days, and became much lower than normal (26±8) at 21 days. In the border zone, the numbers of IDC per mm2 showed no significant changes at 2 days. However, at 4 days they showed a marked increase (268±97), which became maximal at 7 days (796±79). These numbers began to decrease at 14 days (528±98) and continued to decrease at 21 days (159±15). In contrast to these changes, the cell counts in the noninfarcted portions of the left ventricle showed mild decreases at 2 and 4 days (60±7 and 54±17). After a mild increase at 7 days (128±14), the cell counts became normal at 14 days and subnormal at 21 days (38±13). In the left ventricles of the sham-operated animals, the cell counts showed an increase at 4 days, a peak increase at 7 days (171±35), and subnormal values at 21 days (42±13).
Discussion

Morphology of Myocardial Dendritic Cells
The IDC of the heart constitute a distinct type of cell, which differs from macrophages, lymphocytes, smooth muscle cells, and other types of vascular and perivascular cells of the heart. In the present study, distinction of dendritic cells from macrophages was clearly made on the basis of the histological, immunohistochemical, and ultrastructural characteristics. IDC showed no evidence of phagocytic activity at any time period after myocardial infarction. Such activity was very prominent in macrophages. These cells were easily identified by their round shapes, large sizes, and content of lysosomes and residual bodies. Dendritic cells did not react with ED 2 antibody, which serves as a specific marker for macrophages. 24 Distinction from lymphocytes was also evident on a morphological basis, i.e., the small sizes, rounded shapes, and typical nuclei of lymphocytes. Our study also showed that IDC tended to become associated with T-helper lymphocytes as part of their response to myocardial infarction. The A functional heterogeneity of IDC was suggested by our finding in the variability in the cell counts obtained with different monoclonal antibodies. The counts with OX 6 antibody were consistently higher than those obtained with W3/25 antibody. Furthermore, a significant proportion of the IDC failed to react with OX 1 FIGURE 11. Photomicrograph of dendritic cell in the lumen of a capillary of 7-day-old infarct with a typical dendritic appearance. OX 6 antibody stain. Original magnification, x16,500. antibody (common leukocyte antigen). A similar heterogeneity was noted in a previous study of dendritic cells in rat. '6 This heterogeneity may reflect the fact that IDC express different antigenic markers at different stages during their differentiation from precursor cells.5 '28 The two most remarkable structural features of the dendritic cells are the paucity of cytoplasmic organelles and the very large area occupied by the plasma membrane relative to the internal volume of the cell. The scarcity of organelles is in accord with the concept that these cells do not engage in a high degree of metabolic activity directed toward protein synthesis, as is the case with fibroblasts and plasma cells. The cell surface is thought to function in antigen presentation, and it seems likely that one of the mechanisms by which dendritic cells modulate this function is by altering their surface area as they become activated. The alteration of the IDC surface in this study was consistent with the notion that antigens in tissues can be picked up, processed, presented, and transported by dendritic cells via the plasma membrane. 29 Quantitative Alterations in Myocardial IDC After Myocardial Infarction
The results of the cell count in the present study are presented as actual numbers of cells per mm2 of tissue section. No attempt was made to correct these values for changes in cell geometry for losses of tissue volume resulting from the infarction. 30 The nature and extent of such corrections would vary according to the time elapsed after infarction and the zone of the heart (normal, border, or infarct) in which the cell counts are made. This is particularly true of the border zone, which is more poorly demarcated than the other zones. Calculations of loss of tissue volume in this zone (which 
Activation of T-Lymphocytes by IDC in Myocardial Infarction
The most clear evidence of activation of T-lymphocytes by IDC in the heart after myocardial infarction was shown by the formation of clusters consisting of IDC associated with small numbers of T-helper lymphocytes. These clusters reached maximal size at 7 days after coronary artery ligation, at which time they consisted of several IDC and 10-20 lymphocytes. At 14 days, they were smaller, and at 21 days, they had disappeared. These observations are interpreted as indicating that dendritic cells migrate from the bone marrow to the heart, evidently in response to chemotactic stimuli, after myocardial necrosis develops, and they present heart-derived antigenic components to T-lymphocytes. As necrosis and inflammation subside, the recruitment of dendritic cells ceases, and the IDC that remain in the border zone assume a less complex appearance as healing by fibrosis takes place.
Staining with monoclonal antibody W3/25 demonstrated that the increase in the number of IDC was accompanied by numerous T-helper lymphocytes, primarily at sites of focal cellular infiltration in the border zones of the infarcts. This finding is similar to that reported by Forbes Histochemical staining with monoclonal antibody OX 8 demonstrated a mild increase in T-cytotoxic/ suppressor lymphocytes in the cellular infiltrates of the border zones of 7-day-old infarcts. The present study indicates that the increase in the number of T-cytotoxic/ suppressor cells was accompanied by an increase in the number of OX 18-positive (i.e., positive for class I MHC antigens) dendritic cells. T-cytotoxic/suppressor lymphocytes are specific for class I MHC antigens, by which they are activated. The present study also shows that cytotoxic T-lymphocytes were much less numerous than T-helper cells in the border zone of 7-day-old infarcts. Similar results were reported in rat cardiac allograft rejection.1734 Inaba et a135 have shown that the responses of cytotoxic and helper T-cells to dendritic cells are comparable in many respects. Both types of T-lymphocytes form clusters with dendritic cells and then release cytokines, particularly interleukin-2. The present study did not identify aggregates of dendritic cells and T-cytotoxic/suppressor lymphocytes because OX 8 antibody did not label IDC, in contrast to W3/25 antibody, which labels both IDC and T-helper lymphocytes.
As mentioned previously, dendritic cells produce cytokines and induce other cells to produce these agents, including not only interleukin-1 but also interleukin-2 and tumor necrosis factor. 36 The production of interleukin-1 by dendritic cells remains the subject of controversy. 37, 38 The relations between cytokines and dendritic cells need to be evaluated in the context of recent studies showing that interleukin-1, interleukin-2, and tumor necrosis factor are capable of inducing endothelial cell and myocyte damage, myocardial inflammation, increased vascular permeability, interstitial edema, and depression of myocardial function.39-41 Taken together, these observations suggest that the accumulations of IDC at the margins of infarcts may have detrimental effects on cardiac function.
In summary, the present study shows that interstitial IDC migrate to the heart, presumably from the bone marrow, after myocardial infarction and become concentrated in the border zone of the infarct, where they become associated with T-helper lymphocytes. IDC are not phagocytic, and they are thought to function in the initiation of the immune response and in the recruitment and activation of other types of inflammatory cells. By 21 days after infarction, the inflammatory process has subsided, and the IDC have assumed slender, bipolar configurations that differ from their usual dendritic appearances and are considered to be suggestive of an inactive state.
